The amyloid precursor protein (APP) plays an important role in Alzheimer's disease (AD), a progressive neurodegenerative pathology that first manifests as a decline of memory. While the main hypothesis for AD pathology centers on the proteolytic processing of APP, very little is known about the physiological function of the APP protein in the adult brain. Likewise, whether APP loss of function contributes to AD remains unclear. Drosophila has been used extensively as a model organism to study neuronal function and pathology. In addition, many of the molecular mechanisms underlying memory are thought to be conserved from flies to mammals, prompting us to study the function of APPL, the fly APP ortholog, during associative memory. It was previously shown that APPL expression is highly enriched in the mushroom bodies (MBs), a specialized brain structure involved in olfactory memory. We analyzed memory in flies in which APPL expression has been silenced specifically and transiently in the adult MBs. Our results show that in adult flies, APPL is not required for learning but is specifically involved in long-term memory, a long lasting memory whose formation requires de novo protein synthesis and is thought to require synaptic structural plasticity. These data support the hypothesis that disruption of normal APP function may contribute to early AD cognitive impairment.
Introduction
Alzheimer's disease (AD) is characterized by the accumulation of neurofibrillary tangles, the loss of synapses and neurons in specific areas of the brain, and the formation of amyloid plaques. These ␤-amyloid deposits result from the aggregation of A␤ peptides, which are generated through proteolytic processing of the integral membrane protein amyloid precursor protein (APP) (Selkoe, 2001; Annaert and De Strooper, 2002) . The amyloid hypothesis, which postulates that A␤ deposits are the primary influence driving AD pathogenesis (Hardy and Selkoe, 2002) , has been the basis for intensive work, and age-related A␤ toxicity has been well documented in several organisms (LaFerla et al., 1995; McKee et al., 1998; Finelli et al., 2004; Iijima et al., 2004) . However, we still have little idea of the initial events leading to memory decline in AD. There is no simple correlation between the density of amyloid plaques and the clinical progression of the disease (Braak and Braak, 1991) , and brains of nondemented elderly people can show substantial levels of A␤ plaques (Knopman et al., 2003) . Furthermore, APP appears to be involved in physiological functions such as cell adhesion, neurite outgrowth, synaptogenesis, and G protein-coupled receptor signaling (Turner et al., 2003; Zheng and Koo, 2006) .
Many human neurodegenerative diseases can be modeled in Drosophila melanogaster (Bilen and Bonini, 2005) , whose genome contains homologs of ϳ70% of human disease-related genes (Fortini et al., 2000; Reiter et al., 2001) . APP belongs to a conserved gene family that includes the mammalian APLP1 and APLP2 genes and a single Drosophila homolog called Appl (Luo et al., 1990) . APPL is specifically expressed in neurons during all stages of development ) and has been implicated in axonal transport (Torroja et al., 1999a; Gunawardena and Goldstein, 2001) , neuronal development (Li et al., 2004; Merdes et al., 2004) , synaptic bouton formation (Torroja et al., 1999b; Ashley et al., 2005) , and the neuronal response to traumatic brain injury (Leyssen et al., 2005) .
Although the A␤ sequences are not conserved in APPL, it has been shown that expression of human A␤ results in many of the features observed in the mouse model, such as age-dependent neurodegeneration and behavioral defects (Finelli et al., 2004; Greeve et al., 2004; Iijima et al., 2004; Crowther et al., 2005; Zhao et al., 2010) , indicating that Drosophila constitutes a relevant model to study the molecular basis of AD pathogenesis.
In contrast to studies that directly model AD pathology by ectopic expression of A␤, we investigated the physiological func-tion of APPL in the adult brain by assessing its role in associative memory. For that purpose, we used the Gal4-Switch/RNA interference (RNAi) system (Brand and Perrimon, 1993; Piccin et al., 2001; ) to decrease APPL expression in the adult mushroom bodies (MBs), the olfactory memory center (Heisenberg, 1998) . Our results show that APPL is specifically required for long-term memory (LTM) formation.
Materials and Methods
Flies. Drosophila melanogaster wild-type strain Canton Special (CS) and mutant flies were raised on standard medium at 18°C with 60% humidity in a 12 h light/dark cycle. All strains used for memory experiments were outcrossed to the CS background. The Appl-42673 RNAi line (42673) was obtained from the Vienna Drosophila RNAi Center (Vienna, Austria). The Appl-G3 RNAi was constructed according to Kalidas and Smith (2002) and targets nucleotides 2119 -2737 of the transcript (FlyBase ID FBtr0070109). To induce RNAi expression, the GeneSwitch system was used as described by Mao et al. (2004) . Flies were kept on RU486-containing medium (RU) (SPI-Bio) for 2 d before conditioning and also for 24 h after (when memory was tested at 24 h). A stock solution (10 mM in 80% ethanol) was mixed into molten food at 65°C to a final concentration of 200 M.
Behavior analyses. Flies were trained with classical olfactory aversive conditioning protocols as described by Pascual and Preat (2001) . Training and testing were performed at 25°C with 80% humidity. Conditioning was performed on samples of 25-35 flies aged between 2 and 3 d with 3-octanol (Ͼ95% purity; Fluka 74878, Sigma-Aldrich) and 4-methylcyclohexanol (99% purity; Fluka 66360, Sigma-Aldrich) at 0.360 mM and 0.325 mM, respectively. Odors were diluted in paraffin oil (VWR International, SigmaAldrich). Memory tests were performed with a T-maze apparatus (Tully and Quinn, 1985) . Flies could choose for 1 min between two arms, each delivering a distinct odor. An index was calculated as the difference between the numbers of flies in each arm divided by the sum of flies in both arms. A performance index (PI) results from the average of two reciprocal experiments. For odor avoidance tests after electric shock and response to electric shock, flies were treated as described by Pascual and Preat (2001) .
Statistical analysis. Quantification measurements were analyzed using Student's t tests. For behavior experiments, scores resulting from all genotypes, excluding the CS, were analyzed using one-way ANOVA followed, if significant at p Ͻ 0.05, by the Newman-Keuls multiple comparisons test.
Quantitative PCR analysis. Flies expressing Appl-RNAi under the control of the elav-Gal4 driver were raised at 25°C. Total RNA was extracted from 25-30 fly heads with the RNeasy Plant Mini Kit (Qiagen) and reverse transcribed with oligo(dT) 20 primers using the SuperScript III First-Stand kit (Invitrogen) according to the manufacturer's instructions. We compared the level of Appl cDNA to that of the ␣-Tub84B (CG1913) cDNA, which was used as a reference. Amplification was performed using a LightCycler 480 (Roche) in conjunction with the SYBR Green I Master (Roche). Reactions were carried out in triplicate for two dilutions of each cDNA, and three independent experiments were performed. The specificity and size of amplification products were assessed by melting curve analysis and agarose gel electrophoresis, respectively. Expression relative to tub is expressed as a ratio (2 Ϫ⌬⌬Cp , where Cp is crossing point). A ratio of 1 represents the relative expression observed in control flies.
Immunohistochemistry. Freshly dissected brains of adult flies were processed for immunochemistry as described previously (Wu and Luo, 2006) . Primary antibodies were mouse anti-FasII at 1:400 (1D4; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) and rabbit anti-APP (Annaert et al., 1999) , an antibody that also reacts with the fly APPL protein, at 1:15,000. Secondary antibodies were Alexa Fluor 488-conjugated anti-rabbit at 1:400 (Invitrogen) and Alexa Fluor 594-conjugated anti-mouse at 1:400 (Invitrogen). Confocal stacks were acquired on whole mounted brains for Alexa Fluor 488 and Alexa Fluor 594 fluorophores in sequential line mode on an A1-Nikon confocal microscope. Using FasII labeled images, substacks were extracted that contained all the sections in which appeared the ␣ or ␤ lobes. APPL was then quantified with the ImageJ image processing program. After a maximal projection, a region of interest (ROI) corresponding to ␤ lobes was determined from FasII labeled projected image, and the FasII and APP signals were measured in this ROI. The ratio of the two values was used to quantify the relative APPL expression.
Results
Aversive olfactory memory studies can rely on classical conditioning of an odor avoidance response. In this paradigm, groups of flies are successively exposed to two distinct odors, only one of which is accompanied by electric shocks (Pascual and Preat, 2001) . Memory scores are determined by placing the flies in the center of a T-maze where they are simultaneously exposed to the two odors during 1 min (Tully and Quinn, 1985; see Materials and Methods) .
To knock down expression of the APPL gene, we took advantage of RNAi-mediated silencing. The efficiency of two distinct RNAi constructs targeting APPL (42673 and G3; see Materials and Methods) was analyzed using the elav-Gal4 driver (elav) that drives pan-neuronal expression of UAS-regulated transgenes (Brand and Perrimon, 1993) . APPL expression in fly heads was quantified by real-time PCR. The data show a sharp decrease in Appl mRNA levels in elav/ϩ;42673/ϩ as well as in elav/ϩ;G3/ϩ flies compared with those observed in elav/ϩ control flies (13% and 25%, respectively) ( Fig. 1 A) , establishing that both RNAi constructs efficiently target APPL mRNA.
The MBs constitute a prominent bilateral structure of the insect brain comprising ϳ2000 neurons per brain hemisphere (Aso et al., 2009) . Three categories of these neurons extend their axons through the peduncle to give rise to the ␣/␤, ␣Ј/␤Ј, and ␥ lobes, respectively (Crittenden et al., 1998) . To study the effect of APPL silencing on memory, we used the MB247 enhancer that drives expression in the ␣/␤ and ␥ neurons (Schwaerzel et al., 2002) . Although Appl deletion does not affect the gross structure of the MBs (Luo et al., 1992) , it leads to subtle abnormal morphology of the MB lobes (Li et al., 2004) . Thus, to avoid potential developmental defects that could affect memory performance, we decided to restrict Appl RNAi expression to adulthood using the conditional GeneSwitch activator ) under the control of MB247 sequences (MB-Sw) (Mao et al., 2004) . We first addressed the validity of the Switch system by analyzing APPL protein expression in whole mount brains from MB-Sw/G3 flies fed or not fed with the RU inducible drug. As described previously in wild-type flies (Torroja et al., 1996) , the ␣/␤ and ␥ lobes of the adult MB neuropils were stained in the MB-Sw/G3 flies that were not fed with RU (Fig. 1 B) . MBs staining was lower in the MB-Sw/G3 flies fed with RU (Fig. 1 B) . Appl d -null mutant flies (Luo et al., 1992) did not exhibit any staining of the MBs, while a large amount of cell bodies displayed nonspecific staining (data not shown). Quantification of the signals present in the ␤ lobes revealed a significant 39% decrease in APPL levels for flies fed with RU compared with control flies (Fig. 1C) , showing that APPL expression is silenced when the Switch driver is induced.
We next verified that Appl RNAi-expressing flies perceived normally the stimuli used for conditioning. Their response to each odor after electric shock exposure was not impaired, and neither was their ability to escape electric shocks (Fig. 2) . Luo et al. (1992) previously reported that Appl d -null mutant flies did not react normally to electric shock. To try to understand the origin of this defect, we analyzed the effect of Appl RNAi ubiquitous expression in the adult using the da-Switch driver (Tricoire et al., 2009) , as well as that of its constitutive expression in the MBs using the MB247-Gal4 driver. In both cases, resulting flies reacted normally to shocks (data not shown). These results suggest that the defect described by Luo et al. (1992) may result either from the complete lack of APPL expression in the adult, or from a developmental defect other than that of the MBs.
Depending on the training protocol, different types of memory can be measured (Tully et al., 1994 ). Short-term memory (STM), middle-term memory (MTM), and anesthesia-resistant memory (ARM) are formed after one cycle of training. Both STM and MTM are labile memory phases sensitive to cold shock anesthesia; STM lasts for an hour while MTM lasts for a few hours. In contrast, ARM is a consolidated form of memory that can last for days (Chabaud et al., 2009 ). When tested 2 h after a single conditioning cycle, we did not observe significant differences in memory scores for the flies expressing Appl RNAi compared with the controls, showing that neither learning, STM, nor 2 h ARM are sensitive to Appl RNAi expression (Fig. 3A) . To further analyze ARM, consolidated memory was assessed using a reinforced training protocol. After massed conditioning comprising five consecutive repeated cycles of training, scores at 24 h were not significantly different when either RNAi construct was expressed (Fig. 3B) , showing that ARM is not affected.
LTM is also a form of consolidated memory, but unlike ARM its formation is sensitive to an inhibitor of cytoplasmic protein synthesis, indicating that it requires de novo protein synthesis (Tully et al., 1994) . LTM is generated after spaced conditioning consisting of repeated training sessions, each separated by a 15 min rest period. Analysis of LTM after five spaced conditioning cycles revealed that flies expressing either 42673 or G3 Appl RNAi construct displayed a score significantly lower than their respective controls (Fig. 3C) . When flies were not fed with RU, all genotypes exhibited normal performance at 24 h after spaced conditioning (Fig. 3D) , showing that the observed decrease in LTM is RU specific and is thus caused by the Gal4-Switchdependent induction of Appl RNAi. Altogether, the data establish that transient expression of RNAi directed against Appl in the adult MBs impairs LTM, whereas neither STM nor ARM is affected. We conclude that APPL expression in the MBs of adult flies is specifically required for LTM. Moreover, as immunohistochemistry experiments indicate that MB-Sw/Appl-RNAi flies are not amorphous for APPL expression in the MBs, it appears that a partial knock-down of APPL expression is sufficient to impair LTM.
We next aimed to analyze whether human APP could rescue the LTM defect observed in MB-Sw/APPL-RNAi flies. However, we could not perform this experiment, as flies expressing human APP (Gunawardena and Goldstein, 2001 ) in the adult MBs exhibited an LTM defect (Fig. 4) .
Discussion
We took advantage of inducible RNAi expression to study the function of endogenous amyloid precursor protein-like in the Drosophila olfactory memory center. Specifically reducing APPL expression in the adult MBs led to LTM disruption, showing that the observed memory defect is not caused by a subtle alteration in brain development. Furthermore, although we did not search for amyloid deposits in knock-down flies, it seems unlikely that decreasing APPL expression for 2 d may result in their production. Rather, memory impairment is most likely caused by the loss of APPL function in young flies. Luo et al. (1992) previously reported the construction and analysis of flies lacking the APPL gene (Appl d ). They observed significantly lower STM scores after one cycle of aversive conditioning but could not conclude that Appl-null mutation led to a memory defect, because Appl d flies did not react normally to electric shock. In our study, flies showed normal reaction to electric shock, odor avoidance, and STM. A possible explanation is that previously observed behavioral deficits may have been caused by a mild defect in brain development or by the complete lack of APPL in the adult or both. Because APPL is highly expressed in the central complex (Torroja et al., 1996) , the major Drosophila brain structure controlling locomotor behavior (Strauss and Heisenberg, 1993) , it is possible that the complete lack of APPL in this structure could lead to motor defects.
In mice, several loss-of-function analyses have suggested that APP might be involved in learning and memory. These studies have relied upon knock-out (KO) (Dawson et al., 1999; Phinney et al., 1999; Senechal et al., 2008) or knock-in techniques (Ring et al., 2007) or injection of anti-APP antibodies (Taylor et al., 2008) or antisense oligonucleotides (Senechal et al., 2007) . Single APP KO leads to relatively mild behavioral defects, probably caused by functional redundancy (Muller et al., 1994; Zheng et al., 1995) , while the adult APP Ϫ/Ϫ APLP1 Ϫ/Ϫ APLP2 Ϫ/Ϫ triple KO cannot be analyzed because of early postnatal lethality (Herms et al., 2004) . APP-null mice display neuroanatomical abnormalities and reduced brain weight, suggesting that APP plays a role in development and somatic growth. It is thus difficult to determine in KO studies the relative contributions of defects caused by a role in the adult brain versus those caused by a requirement during the development and maintenance of neuronal networks. Also, injection experiments should be interpreted with caution, as antibodies might not be specific for a single APP species, and in addition, interaction of APP with an antibody might activate intracellular APP-mediated signaling events (Mbebi et al., 2005) . Not only does Drosophila present the advantage of a single APP-encoding gene, but the genetic tools available in this organism allow specific silencing in a restricted part of the adult brain.
It has been proposed that AD physiopathology might in part be caused by loss of normal APP function, in particular during the early stages of the disease characterized by memory impairment (Neve et al., 2000) . APP processing by the amyloid pathway precludes its cleavage by ␣-secretase, thus leading to a decrease in the production of secreted APP␣ (sAPP␣), a neurotrophic and neuroprotective peptide (Turner et al., 2003) . Indeed, several studies have shown that sAPP␣ levels are decreased in both familial and sporadic AD, while low levels have been correlated with poor memory performance in humans (Almkvist et al., 1997; Sennvik et al., 2000) . It was thus suggested that decreased amounts of sAPP␣ in AD brain contributed to the memory deficit characterizing AD, independently of A␤ toxicity. Consistent with these observations, analyses in rodents have shown a role for sAPP␣ in spatial memory (Bour et al., 2004; Ring et al., 2007; Taylor et al., 2008) . Our data establish that in the fly a memory deficit is caused by loss of APPL function independently of the toxicity of the amyloid pathway, thus giving further support to the hypothesis that loss of function might contribute to early AD cognitive decline.
The first symptom of AD is a disability to encode new memories while old declarative memory remains unaffected (Forstl and Kurz, 1999) . We report here that APPL loss of function in the fly affects LTM formation, whereas learning, STM, and ARM remain unaffected. Although it is not straightforward to compare complex behavioral deficits occurring in AD patients to those of invertebrates, at first glance these observations could appear contradictory. In Drosophila, LTM is the only memory form that relies on de novo protein synthesis and is therefore likely to involve long-lasting changes in synaptic plasticity. This leads us to hypothesize that APPL dysfunction causes a failure of synaptic plasticity such as that thought to underlie the earliest cognitive features of AD (Selkoe, 2002) , namely an impairment in acquiring new information. It is possible that initial AD symptoms might be generated by APP loss of function, while further cognitive decline might result from progressive loss of synapses and neurons . LTM is impaired in flies expressing human APP in the MBs. Flies were fed with RU for 48 h before spaced conditioning and for 24 h before performing memory tests. Performance indexes (PIs) calculated for female flies reveal that flies expressing APP in the adult MBs (MB-Sw/APP) display a memory score significantly different from that observed for the controls MB-Sw/ϩ and ϩ/APP, respectively (ANOVA, *p ϭ 0.0200, n ϭ 6). Bars, mean Ϯ SEM.
due, at least in part, to an additional toxic pathogenic mechanism such as A␤ accumulation. In the future, the power of genetic manipulation in the fly, together with behavioral studies, should allow us to unravel APPL function in memory.
